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ABSTRACT
Compact radio jets are ubiquitous in stellar-mass black-hole binaries in their hard spectral
state. Empirical relations between the radio and narrow-band X-ray fluxes have been used
to understand the connection between their accretion discs and jets. However, a narrow-band
(e.g., 1–10 or 3–9 keV) X-ray flux can be a poor proxy for either the bolometric luminosity or
the mass accretion rate. Here, we study correlations between the radio and unabsorbed broad-
band X-ray fluxes, the latter providing good estimates of the bolometric flux. We consider
GX 339–4, the benchmark object for the main branch of the correlation, and H1743–322, the
first source found to be an outlier of the correlation. The obtained power-law dependencies
of the radio flux on the bolometric flux have significantly different indices from those found
for the narrow X-ray bands. Also, the radio/bolometric flux correlations for the rise of the
outbursts are found to be significantly different from those for the outburst decline. This points
to a possible existence of a jet hysteresis in the radio/X-ray source evolution, in addition to
that seen in the hardness/flux diagram of low-mass X-ray binaries. The correlation during the
rise of the outbursts is similar for both GX 339–4 and H1743–322. The correlation for the
decline of the outbursts for H1743–322 lies below that of GX 339–4 at intermediate X-ray
fluxes, whereas it approaches the standard correlation at lower X-ray luminosities. We also
compare these correlations to those for the high-mass X-ray binaries Cyg X-1 and Cyg X-3.
Key words: accretion, accretion discs – stars: individual: GX 339–4 – stars: individual:
H1743–322 – stars: jets – stars: black holes – X-rays: binaries
1 INTRODUCTION
Stellar mass black-hole (BH) X-ray binaries (BHXRBs) display a
wide range of emission properties, pertaining to its X-ray spectral
state (Remillard & McClintock 2006). A majority of the BHXRBs
are transient sources, spending most of the time in a quiescent
state. Occasionally they go into outbursts, during which the X-
ray fluxes increase by several orders of magnitude. The two main
spectral states seen in these outbursts are a high soft state, domi-
nated by thermal emission from an accretion disc, and a low hard
state, which spectra are dominated by Comptonization with a high-
energy cutoff above ∼100 keV, and a weak disc component.
A salient feature of the BHXRBs in the low hard
state is the presence of compact jets (Fender, Belloni & Gallo
2004; Fender, Homan & Belloni 2009). Partially synchrotron self-
absorbed emission from the jets extends from radio to at least in-
frared (e.g. Blandford & Ko¨nigl 1979; Hjellming & Rupen 1995;
Russell et al. 2006, 2013; Corbel et al. 2013a,b). On the other hand,
the X-ray emission is most likely dominated by the accretion flows.
Relationships between the radio and X-ray emission have been
⋆ E-mail: nislam@camk.edu.pl (NI), aaz@camk.edu.pl (AAZ)
used as tools to study the nature of the accretion disc-jet coupling
in these systems.
Simultaneous multi-wavelength observations of various
BH binaries in their outbursts have provided evidence of
a strong non-linear correlation between the radio flux, FR ,
and the X-ray flux, FX (Hannikainen et al. 1998; Corbel et al.
2003, 2013a; Gallo, Fender & Pooley 2003; Gallo et al. 2006;
Gallo, Miller & Fender 2012; Gallo, Degenaar & van den Eijnden
2018; Rushton et al. 2016). The correlation has an approximate
power-law form, FR ∝ F
b
X
. Most of the BH sources lie on the
so-called standard track, with the power-law index of b ∼ 0.5–
0.7, which has been interpreted as due to the X-rays being emit-
ted by radiatively inefficient accretion flows (Corbel et al. 2003;
Gallo et al. 2003, 2012, 2014). However, there is a number of
outlier sources, which are found to lie well outside the stan-
dard correlation, and show a steeper power-law index of b ∼
1.4, which can be interpreted as due to the presence of radia-
tively efficient accretion flows (Cadolle Bel et al. 2007; Soleri et al.
2010; Soleri & Fender 2011; Coriat et al. 2011; Jonker et al. 2012;
Ratti et al. 2012; Russell et al. 2015; Plotkin et al. 2017). The cor-
relations demonstrate the existence of strong and relatively sta-
ble couplings between the radio emitting jets and the X-ray
emitting accretion flows, over a wide range of luminosities and
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for different outbursts. These radio/X-ray correlations are cru-
cial for defining the so-called fundamental plane of BH activ-
ity (Merloni, Heinz & di Matteo 2003; Falcke, Ko¨rding & Markoff
2004). Fig. 9 in Corbel et al. (2013a) shows the radio versus X-ray
luminosities of several BHXRBs in their hard and quiescent states,
exhibiting the standard and outlier tracks. These radio/X-ray corre-
lations are dominated by two sources, GX 339–4 for the standard
track, and H1743–322 for the outlier track.
However, those studies have utilised the X-ray flux in a nar-
row energy band of either 1–10 keV or 3–9 keV. This narrow-band
flux has been used as a proxy for the accretion rate, which can
bear a substantial error given most of the luminosity in the hard
state is emitted around ∼100 keV. This problem was pointed out
by Zdziarski et al. (2004), who calculated a radio vs. bolometric
flux correlation for a sample of observations of GX 339–4. Then,
Zdziarski et al. (2011) and Zdziarski, Segreto & Pooley (2016) per-
formed analogous calculations for Cyg X-1 and Cyg X-3, respec-
tively. In both of the sources, the power-law indices of narrow X-
ray bands were found to strongly depend on the choice of the en-
ergy range. In fact, the correlation for Cyg X-3 changes sign from
positive at soft X-rays to negative at hard X-rays. These results
strongly argue for the use of the bolometric flux in studies of the
radio/X-ray correlation. In the present paper, we perform such a
study for the two archetypal sources, GX 339–4 and H1743–322.
Both of them underwent multiple outbursts, and have simultaneous
coverage in radio and X-rays.
The low-mass BHXRB GX 339–4 was discovered in 1972 by
the OSO-7 satellite (Markert et al. 1973). It has since then been the
most often outbursting transient BHXRB. Its distance appears to
be around D ∼ 8 kpc (Zdziarski et al. 2004), though it is not well
constrained. Heida et al. (2017) found a preferred D ∼ 9 kpc and
a lower limit of ∼5 kpc. Its mass function has been measured by
Heida et al. (2017), implying, with some other constraints, MBH <
9.5M⊙. When calculating the luminosity and Eddington ratio for
the source, we assume MBH = 6M⊙ (which is a preferred value of
Heida et al. 2017) and D = 8 kpc.
The X-ray transient H1743–322 was discovered during
an outburst in 1977 with the Ariel V and HEAO-1 satellites
(Kaluzienski & Holt 1977). Currently there are no dynamical es-
timates on its BH mass. Its spectral and timing features were
found to be similar to those seen in the BHXRB XTE J1550–
564 (McClintock et al. 2009), suggesting a similar BH mass, which
in XTE J1550–564 is within 8–14M⊙ (Orosz et al. 2011). The
distance to H1743–322 has been estimated as 8.5 ± 0.8 kpc
(Steiner, McClintock & Reid 2012), compatible with its location
near the Galactic Centre, from which its projected separation is
only ≃ 2◦. When calculating the luminosity and Eddington ratio
for the source, we assume MBH = 10M⊙ and D = 8.5 kpc.
In Section 2, we describe the observations and our modelling
of the X-ray spectral data. We present our results in Section 3 and
conclusions in Section 4.
2 OBSERVATIONS AND DATA ANALYSIS
2.1 X-ray light curves of GX 339–4 and H1743–322
Rossi X-ray Timing Explorer (RXTE) was an X-ray observatory
operational from 1996 to 2012. The Proportional Counter Array
(PCA; Jahoda et al. 2006) and the High Energy X-ray Timing Ex-
periment (HEXTE; Rothschild et al. 1998) were the pointed detec-
tors on board RXTE. The PCA and HEXTE operated in the nominal
Table 1. The list of the GX 339–4 fluxes used in this work. The radio fluxes,
FR, at either 8.6 or 9.0 GHz are from Corbel et al. (2013a) and the bolomet-
ric fluxes, Fbol , have been calculated using the RXTE observations within a
day from a radio pointing, see Section 2.2.
Date MJD FR(8.6 or 9.0GHz) Fbol
[mJy] [10−9 erg cm−2 s−1 ]
1997 February 04 50483 9.1 ± 0.1 7.9 ± 0.5
1997 February 10 50489 8.2 ± 0.2 7.3 ± 0.5
1997 February 17 50496 8.7 ± 0.2 6.9 ± 0.5
1999 February 12 51221 4.6 ± 0.08 3.0 ± 0.1
1999 March 3 51240 5.74 ± 0.06 3.7 ± 0.3
1999 April 2 51270 5.1 ± 0.06 4.2 ± 0.3
1999 April 22 51290 3.2 ± 0.06 2.0 ± 0.2
1999 May 14 51312 1.44 ± 0.06 0.62 ± 0.04
1999 June 25 51354 0.24 ± 0.05 0.04 ± 0.01
1999 July 07 51366 0.12 ± 0.04 0.03 ± 0.01
1999 August 17 51407 0.27 ± 0.07 0.014 ± 0.008
2002 April 4 52368 5.95 ± 0.15 13.3 ± 0.4
2002 April 7 52371 8.27 ± 0.07 21.7 ± 0.7
2002 April 18 52382 14.27 ± 0.05 34.0 ± 1.0
2003 May 25 52784 0.77 ± 0.06 0.13 ± 0.02
2004 February 13 53048 1.13 ± 0.08 0.9 ± 0.2
2004 February 24 53059 1.84 ± 0.2 2.9 ± 0.3
2004 March 16 53080 4.88 ± 0.06 9.3 ± 0.6
2004 March 17 53081 4.84 ± 0.11 9.8 ± 0.8
2004 March 18 53082 4.98 ± 0.11 10.4 ± 0.8
2004 March 19 53083 5.2 ± 0.1 10.5 ± 0.8
2005 April 21 53481 4.73 ± 0.05 3.4 ± 0.2
2005 April 24 53484 4.23 ± 0.08 2.6 ± 0.2
2005 April 28 53488 3.46 ± 0.13 1.9 ± 0.1
2005 April 29 53489 3.32 ± 0.1 1.7 ± 0.1
2005 April 30 53490 2.94 ± 0.07 1.6 ± 0.2
2005 May 3 53493 1.92 ± 0.14 1.3 ± 0.1
2005 May 4 53494 1.99 ± 0.1 1.2 ± 0.1
2005 May 6 53496 1.69 ± 0.12 1.0 ± 0.1
2005 May 12 53502 1.00 ± 0.18 0.7 ± 0.1
2007 February 4 54135 22.5 ± 0.3 34.0 ± 1.0
2007 May 31 54251 4.37 ± 0.09 1.9 ± 0.2
2007 June 6 54257 2.63 ± 0.18 1.5 ± 0.1
2007 June 11 54262 2.01 ± 0.15 1.2 ± 0.1
2007 June 25 54276 1.69 ± 0.05 1.3 ± 0.2
2007 June 29 54280 2.0 ± 0.2 1.5 ± 0.2
2007 July 4 54285 2.1 ± 0.2 2.0 ± 0.2
2007 July 13 54294 2.66 ± 0.05 2.9 ± 0.4
2007 August 22 54334 2.95 ± 0.07 4.1 ± 0.5
2007 November 3 54407 0.80 ± 0.07 0.2 ± 0.03
2007 November 27 54431 0.48 ± 0.07 0.15 ± 0.03
2008 June 26 54643 1.16 ± 0.10 0.92 ± 0.08
2008 July 5 54652 1.24 ± 0.07 1.0 ± 0.1
2008 July 16 54663 1.51 ± 0.06 1.5 ± 0.2
2008 August 18 54696 1.18 ± 0.10 1.1 ± 0.1
2008 October 10 54749 0.73 ± 0.10 0.19 ± 0.06
2010 January 21 55217 5.05 ± 0.05 7.3 ± 0.8
2010 February 13 55240 5.90 ± 0.10 9.1 ± 0.9
2010 March 3 55258 7.30 ± 0.10 13.0 ± 1.0
2010 March 6 55261 9.60 ± 0.05 15.0 ± 1.0
2010 March 7 55262 8.05 ± 0.10 15.0 ± 1.0
2010 March 14 55269 11.32 ± 0.10 17.0 ± 1.0
2010 March 16 55271 12.04 ± 0.10 19.0 ± 1.0
2010 March 24 55279 18.59 ± 0.05 25.0 ± 2.0
2010 March 31 55286 25.94 ± 0.05 31.0 ± 2.0
2010 April 2 55288 25.18 ± 0.10 30.0 ± 2.0
2010 April 3 55289 21.11 ± 0.15 32.0 ± 2.0
2010 April 4 55290 23.53 ± 0.05 33.0 ± 2.0
2010 April 5 55291 24.69 ± 0.05 34.0 ± 2.0
2010 April 6 55292 23.90 ± 0.06 35.0 ± 2.0
2011 February 13 55605 4.17 ± 0.05 2.3 ± 0.1
2011 February 15 55607 3.87 ± 0.05 2.2 ± 0.2
2011 February 18 55610 3.98 ± 0.1 1.9 ± 0.2
2011 February 20 55612 3.84 ± 0.05 1.3 ± 0.1
2011 February 24 55616 2.95 ± 0.05 0.8 ± 0.1
2011 February 27 55619 2.42 ± 0.08 0.6 ± 0.1
2011 March 3 55623 1.64 ± 0.05 0.5 ± 0.1
2011 March 7 55627 1.26 ± 0.1 0.5 ± 0.2
2011 March 9 55629 1.38 ± 0.08 0.4 ± 0.1
2011 March 20 55640 0.74 ± 0.04 0.17 ± 0.03
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Figure 1. The (a) ASM (1.5–12 keV) and (b) BAT (15–50 keV) daily light curves for GX 339–4 during the RXTE lifetime. As seen in (a), the source underwent
five major outbursts during that time, in 1998/99, 2002/03, 2004/05, 2007 and 2010/11. The BAT light curve shows in addition hard outbursts in 2006 and
2009, as well as that in 2007, which may be a reflare of the 2007 outburst. The red solid and blue dashed arrows mark the pointed RXTE observations carried
out in the hard state during its rise and decline, respectively. The magenta dotted arrows mark the 2007 reflare, which assignment to either rise or decline
appears uncertain. The error bars are not plotted for clarity, here and in Fig. 2.
energy ranges of 2–60 and 15–250 keV, respectively. RXTE con-
ducted many pointed observations of GX 339–4 and H1743–322
during their outbursts, with typical exposures ∼1–3 ks.
Figs. 1(a, b) show the light curves of GX 339–4 in the
1.5–12 keV range from the RXTE All Sky Monitor (ASM;
Bradt, Rothschild & Swank 1993) and the 15–50 keV from the
Burst Alert Telescope (BAT; Barthelmy et al. 2005; Krimm et al.
2013) on board the Swift satellite, respectively. GX 339–4 under-
went five major outburst during the ∼15 yr of the RXTE opera-
tion, with transitions to the soft state in 1998–1999, 2002–2003,
2004–2005, 2007 and 2010–2011, see Fig. 1(a). Fig. 1(b) shows
the Swift/BAT light curve from start of Swift operations in 2005
February until 2011 December. We see that GX 339–4 also under-
went so-called ‘failed’ outbursts in 2006 and 2009, during which
it remained in the hard state. After the 2007 outburst, GX 339–4
brightened again for a few months, which we mark as the 2007
reflare.
H1743–322 underwent a major outburst in 2003 and five mi-
nor outbursts in 2004, 2005 and 2009, as seen in the ASM light
curve in Fig. 2.We do not show the BAT light curve since the source
was weak in the 15–50 keV band. Figs. 1(a, b) and 2 also show the
times of the pointed RXTE observations of the sources.
2.2 RXTE pointed observations of GX 339–4 and H1743–322
Table 1 in Corbel et al. (2013a) lists the radio fluxes at either 8.6
or 9.0 GHz from observations of GX 339–4 in the hard spectral
state by the Australia Telescope Compact Array (ATCA) and cor-
responding RXTE pointed observations. Hereafter, the hard spec-
tral state is defined by the 3–10 keV unabsorbed spectral index of
Γ . 2, following Remillard & McClintock (2006). We have used
standard spectral products1 of the PCA (which include all avail-
able Proportional Counter Units and layers) and HEXTE data for
the observations which were within a day from a radio pointing.
However, we have not used four very low X-ray flux data, which
were noisy. For the data starting 2005 December, we used only
the HEXTE Cluster B because the Cluster A stopped working. On
2009 December 14, the Cluster B stopped working as well and for
later data we used only the PCA. This yields a sample consisting of
70 quasi-simultaneous radio/X-ray observations over multiple out-
bursts, listed in Table 1.
Table 1 in Coriat et al. (2011) lists the radio fluxes at 8.5
GHz from observations of H1743–322 in the hard spectral state by
1 heasarc.gsfc.nasa.gov/docs/xte/recipes/stdprod_guide.html
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Figure 2. The 2003–2010 ASM (1.5–12 keV) light curve from for H1743–322. The source underwent a major outburst in 2003, followed by five minor
outbursts, marked as 2004, 2005, 2008a, 2008b and 2009. The red solid and blue dashed arrows mark the pointed RXTE observations carried out in the hard
state during its rise and decline, respectively.
Table 2. The list of the H1743–322 fluxes used in this work. The radio
fluxes are from Coriat et al. (2011) and the bolometric fluxes have been
calculated using the RXTE observations within a day from a radio pointing,
see Section 2.2.
Date MJD FR(8.5GHz) Fbol
[mJy] [10−9 erg cm−2 s−1
2003 March 28 52728 4.57 ± 0.12 5.3 ± 0.1
2003 April 1 52730 6.45 ± 0.12 25 ± 2
2003 April 4 52733 21.81 ± 0.13 16 ± 1
2003 April 6 52735 19.43 ± 0.16 21 ± 2
2003 November 5 52948 0.22 ± 0.05 0.83 ± 0.05
2004 November 1 53310 0.31 ± 0.06 0.13 ± 0.01
2008 January 28 54493 0.44 ± 0.09 4.0 ± 0.1
2008 February 3 54499 0.52 ± 0.07 2.7 ± 0.1
2008 February 5 54501 0.48 ± 0.08 2.3 ± 0.1
2008 February 6 54502 0.45 ± 0.09 2.0 ± 0.1
2008 February 9 54505 0.56 ± 0.05 1.7 ± 0.1
2008 February 19 54515 0.23 ± 0.12 0.22 ± 0.02
2008 February 20 54516 0.21 ± 0.05 0.14 ± 0.03
2008 February 23 54519 0.23 ± 0.06 0.13 ± 0.04
2008 February 24 54520 0.31 ± 0.05 0.012 ± 0.004
2008 October 5 54744 1.74 ± 0.07 8.0 ± 0.4
2008 October 8 54747 2.54 ± 0.08 8.9 ± 0.3
2008 October 9 54748 2.43 ± 0.09 8.1 ± 0.3
2008 October 10 54749 2.38 ± 0.11 7.8 ± 0.4
2008 November 4 54774 0.94 ± 0.12 4.2 ± 0.3
2008 November 9 54779 0.94 ± 0.08 4.2 ± 0.3
2009 May 30 54981 2.73 ± 0.1 8.8 ± 0.3
2009 July 7 55019 0.592 ± 0.055 2.8 ± 0.1
2009 July 9 55021 0.41 ± 0.074 2.5 ± 0.1
2009 July 12 55024 0.335 ± 0.063 2.2 ± 0.1
2009 July 13 55025 0.587 ± 0.066 1.8 ± 0.1
2009 July 19 55031 0.631 ± 0.052 1.2 ± 0.1
2010 February 13 55240 0.28 ± 0.05 1.0 ± 0.3
the ATCA and the Very Large Array together with corresponding
RXTE pointed observations. We have utilised the standard spectral
products for those observations in the same way as for GX 339–4.
This yields a sample of 28 quasi-simultaneous radio/X-ray obser-
vations, listed in Table 2.
2.3 The Galactic Ridge emission
Both GX 339–4 and H1743–322 are located very close to the
Galactic Plane and therefore the fluxes estimated from RXTE
have significant contamination from the Galactic Ridge emission
(Valinia & Marshall 1998; Revnivtsev et al. 2006). To obtain the
spectrum of that contribution for GX 339–4, we used the simulta-
neous RXTE/PCA and Chandra observations taken during its qui-
escent state on MJD 52911. The Chandra spectra, given its high
angular resolution, give the contribution from GX 339–4 alone,
while the difference between the PCA and Chandra spectra gives
the Ridge contribution to the PCA spectra. The Chandra spectra
were fitted by an absorbed power law model, while those from the
PCA by absorbed two power-law components, with one fixed at
the parameters obtained from fitting the Chandra spectrum. In ad-
dition, a Gaussian line was added to model the Fe K fluorescent
line. The obtained Galactic Ridge spectrum for the vicinity of GX
339–4 is in agreement with that obtained by Revnivtsev (2003).
In the case of H1743–322, we followed Kalemci et al. (2006)
and Coriat et al. (2011) and combined the eight RXTE/PCA ob-
servations in the quiescent state made on MJD 53021–53055. We
modelled the PCA spectrum with an absorbed power-law and an Fe
K line, and obtained the spectral parameters consistent with those
of Kalemci et al. (2006) and Revnivtsev (2003). We use this model
to represent the Galactic Ridge spectrum for this source.
2.4 The X-ray spectral model and the bolometric fluxes
For spectral fitting, we used xspec (Arnaud 1996). For both
sources, we modelled the primary continuum in the hard
state as thermal Comptonization, using the nthcomp model
(Zdziarski, Johnson & Magdziarz 1996). The low-energy photon
spectral indices for all the observations were Γ . 2, with the soft-
est spectra being from H1743–322. When the data required it, we
also used the ireflect model (Magdziarz & Zdziarski 1995) to
account for Compton reflection, with an added Gaussian line for
the fluorescent Fe K emission. However, we found that accounting
MNRAS 000, 1–9 (2018)
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for reflection was statistically required only for high-flux spectra
of GX 339–4. The seed photon temperature was kept at 0.2 keV
in most cases. However, for some observations of H17443–322,
we found an excess soft X-ray emission, which we modelled by
the multicolour disc model diskbb. In those cases, we assumed
the disc inner temperature equals the seed photon temperature in
the Comptonization component. We modelled the ISM absorption
by the phabs model. A multiplicative constant was used to account
for a difference in the normalisation between the PCA and HEXTE.
For all spectra, we included the respective Galactic Ridge compo-
nents with the parameters fixed at those obtained in Section 2.3.
We fitted the PCA and HEXTE spectra in the energy ranges of 3–
20 keV and 20–150 keV, respectively.
For GX 339–4, we fitted the value of the ISM hydrogen col-
umn density, NH, except when it could not be constrained. For
those cases, we fixed it at 6 × 1021 cm−2 (Zdziarski et al. 1998).
For H1743–322, there exist several estimates of NH; 1.6 × 10
22
cm−2 (Capitanio et al. 2009), 1.8 × 1022 cm−2 (Prat et al. 2009)
and 2.3 × 1022 cm−2 (Miller et al. 2006). We have then fitted the
RXTE/PCA spectra of H1743–322 from the brightest outburst in
2003 (Miller et al. 2006), and found NH ≃ 1.7 × 10
22 cm−2, which
we used for our observations with the simultaneous radio measure-
ments.
We have estimated the unabsorbed bolometric flux (exclud-
ing the Galactic Ridge emission) from the above model for all of
the observations. Since the multi-wavelength spectra of all known
BHXRBs are dominated by the X-ray band, we define the bolo-
metric flux as that in the energy range of 0.1–2× 103 keV. We have
estimated it using the cflux model in xspec. The largest uncer-
tainty on the bolometric flux arises from the uncertainty in con-
straining the value of electron temperature, kTe, of the nthcomp
model. For observations with low X-ray fluxes, its value could not
be constrained, and then we varied it in the range of 100–103 keV.
We found that decreasing kTe to below 100 keV led to unaccept-
able fits. At high X-ray flux observations, the values of kTe are well
constrained, and that allowed ranges contribute to the flux errors.
For the high X-ray flux observations, the flux error was chosen to
be the larger of the error estimated from cflux and the flux uncer-
tainty of the RXTE/PCA, which has been estimated at 3 per cent by
(Corbel et al. 2013a). The reduced χ2ν ∼ 1 for all the spectral fits.
The photon index of the nthcomp model was always Γ . 2, con-
firming the sources were indeed in the hard state during the selected
observations.
The lists of the radio and bolometric X-ray fluxes of GX 339–
4 and H1743–322, along with their errors, are given in Tables 1 and
2, respectively. We denote the unabsorbed bolometric flux as Fbol.
3 RESULTS
3.1 The radio/bolometric flux correlations
We show our results for GX 339–4 in Fig. 3, adopting the colour
coding of the rise (red) and decline (blue) and the 2007 reflare (ma-
genta) of Fig. 1. We also identify different outbursts using different
symbols. We first fit the entire data set with a power law,
FR
1mJy
= a
(
Fbol
10−9 erg cm−2 s−1
)b
, (1)
symmetrically in FR and Fbol. We find the best-fit of b ≃ 0.81. The
fit results are given in Table 3. Our best-fit power law is steeper than
that found in previous radio/X-ray correlation studies in GX 339–4
(Corbel et al. 2003, 2013a; Gallo et al. 2012), who found b ≃ 0.6.
Table 3. The results of fitting a power law to the data. The errors correspond
to the 90 per cent confidence ranges and ’f’ denotes a fixed parameter.
Sample a b χ2/d.o.f.
GX 339–4
All 1.28 ± 0.01 0.806 ± 0.003 7798/68
Rise (b fixed) 1.27 ± 0.01 0.806f 6638/26
Decline (b fixed) 1.94 ± 0.01 0.806f 3226/34
Rise 0.56 ± 0.01 1.050 ± 0.006 5832/25
Decline 2.29 ± 0.03 0.62 ± 0.01 2500/33
H1743–322
Rise 0.28 ± 0.01 1.20 ± 0.02 19441/9
Decline 0.41 ± 0.03 0.19 ± 0.06 64/15
0.01 0.1 1 10
0.1
1
10
R
ad
io
 F
lu
x 
(8.
6 o
r 9
 G
Hz
 in
 m
Jy
)
Bolometric X−ray flux (in 10 −9 erg s−1 cm−2)
1998/99
2002/03
2004/05
2007
2007 reflare
2010/11
Figure 3. The radio/bolometric flux correlation for GX 339–4 for the 1997–
2011 pointed RXTE observations. Different outbursts are marked with dif-
ferent symbols. The observations carried during the rise and decline of the
hard state are shown in red and blue, respectively (following Fig. 1), see Fig.
4 for separate plots. The magenta large squares correspond to the 2007 re-
flare, which assignment to either rise or decline appears uncertain. The solid
black line shows the best fit of a single power law to the whole sample, with
b ≃ 0.81.
A significant part of the dispersion found in the correlation is
attributed to the intrinsic variability by Corbel et al. (2013a) (who
used the 3–9 keV flux). Indeed, we see in Fig. 3 that we see a sig-
nificant difference between the rise and decline, and, as a secondary
effect, different outbursts showing different behaviour. Corbel et al.
(2013a) attributed the former effect to a changing normalisation of
the fitting power-law, but did not notice a significant difference in
the correlation index. In order to test this hypothesis, we first fit-
ted a power law separately to the rise and decline data keeping the
index fixed at the value obtained for the entire data set, and then
allowed a free index for each of the two sets. For those fits, we
have removed the 2007 reflare data (8 observations), given that it is
unclear whether those points should be classified as the tail of the
decline of the main 2007 outburst or the rise of a new burst. Also,
the 15–50 keV flux of the reflare showed two peaks, see Fig. 1(b),
which further complicates the event classification. Our results are
given in Table 3 and Fig. 4. We clearly find different indices for the
rise and decline, b ≃ 1.1 and ≃ 0.6, respectively.
This hints at the possible existence of a hysteresis in the
accretion-jet coupling, in addition to the well-known hysteretic be-
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Figure 4. The radio/bolometric flux correlation for GX 339–4 shown and fitted separately for (a) the rise and (b) the decline of outbursts. The symbols are the
same as in Fig. 3. The 2007 reflare data points are not taken into account, see text. We clearly see that the data for the rise and decline follow different values
of the fit index, with b ≃ 1.1 and ≃ 0.6, respectively.
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Figure 5. The radio/bolometric flux correlation for H1743–322. The obser-
vations carried during the rise and decline of the hard state are shown by red
open squares and blue filled circles, respectively. The red dashed and blue
solid lines show the best fit of a power-law to the rise and decline data, with
b ≃ 1.2 and ≃ 0.19, respectively.
haviour in the X-ray flux/X-ray hardness plane. We note that the
flux/hardness hysteresis is seen only in the flux of the transition
to and from the intermediate spectral state (connected then to soft
states), see, e.g., Dunn et al. (2008). Within the proper hard state,
both the rise and decline tracks are identical (for the overlapping
flux ranges, i.e., below the return to the hard state for a given out-
burst). This suggests the same properties of the accretion flow in
those flux ranges. Thus, the effect we have found points to differ-
ent behaviour of the jet rather than the accretion flow. We see that
the jet gets relatively brighter with decreasing luminosity with re-
spect to the accretion flow luminosity (i.e., more radio loud) during
the decline, while the radio loudness is roughly constant during the
rise.
A caveat for this result is that there are almost no data during
the rise for Fbol . 5 × 10
−9 erg cm−2 s−1, which is the range of
the overlap between the rise and decline bolometric fluxes. There
are in fact only two rise points below that Fbol , with the lowest
one at ∼ 10−9 erg cm−2 s−1, and only one of them departs from
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Figure 6. The radio versus unabsorbed bolometric luminosities for the hard
state of both GX 339–4 and H1743–322, assuming D = 8 and 8.5 kpc,
respectively. We show the rise and decline by red filled squares and blue
open circles for GX 339–4, and by cyan starred crosses and green open
circles for H1743–322, respectively. Also, we show the 2007 reflare of GX
339–4 by magenta crosses. The solid lines represent the two fits to the GX
339–4 data. The vertical axis is for 8.6 GHz for GX 339–4 and 8.5 GHz for
H1743–322.
the decline track. This sparsity is apparently due to difficulty of
quickly scheduling radio observations after the detection of an out-
burst. Therefore, we cannot be sure if we indeed see a hysteresis
(which is the existence of two possible states for the same range of
a parameter, Fbol in our case), or just a change in the shape of the
correlation. An additional complication is that we see somewhat
different tracks for individual outbursts.
A similar effect has been found the near infrared (the H band)
vs. X-ray flux correlation in the transient BHXRB XTE J1550–
564 (Russell et al. 2007). Its rise track, when extrapolated to low
fluxes, lies significantly below the decline track, see fig. 2 of
Russell et al. (2007). On the other hand, no difference was noted in
the infrared/X-ray flux correlation for GX 339–4 between the rise
and decay of outbursts (Coriat et al. 2009), and those authors noted
only a break in that correlation for GX 339–4 at low fluxes. We
cannot constrain the presence of a break in the radio/X-ray flux cor-
relation of GX 339–4 due to the sparsity of the data at low fluxes.
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Figure 7. The correlation between the radio 15 GHz luminosity, νLν, versus
the unabsorbed bolometric X-ray luminosity, both in units of the Eddington
luminosity, LEdd [≡ 1.25 × 10
38 × 2/(1 + X) erg s−1, where X is the H
abundance], for Cyg X-3 in all states (black error bars), and Cyg X-1 (red
triangles with error bars), GX 339–4 (green squares with error bars) and
H1743–322 (blue circles with error bars), all three in the hard state. For GX
339–4 and H1743–322, we assumed our default MBH and D and X = 0.7.
For Cyg X-1 and Cyg X-3, we assumed MBH = 15, 5M⊙, D = 1.86, 7 kpc,
X = 0.7, 0, respectively.
We show our results for H1743–322 in Fig. 5, following our
adopted colour coding of the rise (red) and decline (blue). We can
see very different tracks for the rise (at high fluxes only) and de-
cline (at low fluxes). This is similar to the results of Coriat et al.
(2011). We then fit a power-law dependence, equation (1), to the
rise and decline data separately. We show the fit results in Table 3,
and plot them in Fig. 5. We see that the rise and decline indices are
markedly different, b ≃ 1.2 and ≃ 0.19, respectively. While those
values of b are qualitatively similar, they are quantitatively differ-
ent from either the standard, b ∼ 0.6 or outlier, b ∼ 1.4 power-law
indices reported earlier (Corbel et al. 2013a). Our fit index for the
decline is similar to that of Jonker et al. (2010) obtained for the low
luminosity data of the 2008a outburst. We see that the correlation
index for the rise is similar to that of the corresponding one in GX
339–4. However, the decline in H1743–322 clearly follows a differ-
ent track than that of GX 339–4. Given almost no overlap between
the rise and decline tracks in H1743–322, we do not know if there
is a jet hysteresis or just a change of the slope of the correlation at
Fbol ∼ 5 × 10
−9 erg cm−2 s−1, similarly to the case of GX 339–4.
3.2 Comparison of the correlation in different sources
In Fig. 6, we plot the radio versus bolometric luminosities for GX
339–4 and H1743–322 together. Coriat et al. (2011) showed that
the steep correlation of H1743–322 at high luminosities with their
value of b ≃ 1.4 connected to the high luminosity correlation for
GX 339–4 with b ≃ 0.6. In our work, we also find the connec-
tion but b ≃ 1.1 for the rise of both GX 339–4 and H1743–322.
On the other hand, the decline tracks are different for H1743–322
and GX 339–4, and they intersect at a low luminosity of ∼1035 erg
s−1. Coriat et al. (2011) proposed that the steep index of b ≃ 1.4
corresponded to a high efficiency of accretion, while b ≃ 0.6 cor-
responded to a radiatively inefficient accretion. In the light of our
present results, it appears that both the rise tracks of GX 339–4
and H1743–322, established for high fluxes only, correspond to ac-
cretion being much more efficient than that for the decline, corre-
sponding to low luminosities. This is in agreement with the fact
that the bolometric luminosity during hard-to-soft state transition
changes by at most a factor of two, which argues against the lu-
minous hard state being radiatively inefficient. On the other hand,
while both of the decline tracks may correspond to radiatively in-
efficient accretion, the cause of the difference in the decline indices
between GX 339–4 and H1743–322 remains unclear.
Fig. 7 shows a plot of 15 GHz radio luminosity versus the
unabsorbed bolometric X-ray luminosity, both in the units of Ed-
dington luminosity, LEdd, for GX 339–4, H1743–322, and for Cyg
X-1 (from Zdziarski et al. 2011) and Cyg X-3 (from Zdziarski et al.
2016). The 15 GHz fluxes for GX 339–4 and H1743–322 have
been extrapolated from 8.5–9.0 GHz to 15 GHz assuming the radio
spectral indices (Fν ∝ ν
α) of α = 0.4 (Corbel et al. 2013a) and 0
(Coriat et al. 2011) for GX 339–4 and H1743–322, respectively.
Fig. 7 suggests a somewhat different picture than Fig. 6. In
terms of the Eddington ratio, the tracks for GX 339–4 and H1743–
322 look quite different. GX 339–4 shows an overall single slope,
while H1743–322 does have a pronounced break at Lbol/LEdd ≃
0.01. The hard state of Cyg X-1 lies close to that break, and the
slope of its correlation is roughly similar to that H1743–322. The
correlation in the hard state of Cyg X-3 is somewhat fuzzy, but
nevertheless its slope appears similar to that of GX 339–4. The two
overlap within about a decade, but Cyg X-3 is more radio loud,
by a factor of ∼2–3. It is possible that the high radio loudness of
Cyg X-3 is due to interaction of its jet with the strong wind of its
Wolf-Rayet companion, while no such effect appears in Cyg X-1
due to a different value of the ratio between the jet and wind pow-
ers, see Yoon, Zdziarski & Heinz (2016). We shall note significant
uncertainties in the normalization of the Eddington ratios due to the
uncertainties in both the distances and masses of the objects. Fur-
thermore, the radio emission in high mass X-ray binaries can be
substantially absorbed in the stellar wind, see Zdziarski (2012) for
a study of its effect in Cyg X-1.
We finally note while we have considered integrated energy
fluxes in the X-ray range, our radio fluxes are those measured at
single frequencies, at 8.6 or 9 GHz in the case of GX 339–4, and
at 8.5 GHz in the case of H1743–322. In Fig. 7, which compares
our results to those for two high-mass X-ray binaries, we have also
used extrapolations of those fluxes to 15 GHz based on the ob-
served radio slopes in the hard state (which show generally flat ra-
dio spectra). Making an assumption that the uncertainty on α is
0.2 (Espinasse & Fender 2018), the error introduced in that way
is small, <12 per cent. Then, using single-frequency radio flux
measurements in the case of α ≃ 0 allows a determination of
most of the properties of partially synchrotron self-absorbed jets,
as shown first by Blandford & Ko¨nigl (1979), and then, e.g., by
Heinz & Sunyaev (2003). However, while the radio indices in the
hard state are generally flat, they are still often different from null.
In fact, Espinasse & Fender (2018) have shown that there is a dif-
ference in the radio spectral indices of the sources lying on the
standard track and the outlier sources. A future analysis of the cor-
relation taking into account also the radio spectral index is then de-
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sirable. It is, however, outside the scope of this work since it would
involve one more dimension of the analysis (α) and require the use
of a different data set.
4 CONCLUSIONS
We have investigated the correlations of the radio flux with the
bolometric flux in the hard state of two low-mass BHXRBs, GX
339–4, the main representative of the standard radio/X-ray correla-
tion, and H1743–322, the main outlier source. Our main results are
as follows.
Based on the RXTE PCA and HEXTE data, we have calcu-
lated the bolometric fluxes (which are dominated by the X-rays) for
∼100 hard-state observations of GX 339–4 and H1743-322 quasi-
simultaneous with radio observations.
We have calculated the indices of the correlations the radio
versus the bolometric flux. In the case of GX 339–4, we found b ≃
0.8 when all the data are fitted, which is significantly different from
b ≃ 0.6 found when the narrow-band 3–9 keV fluxes were used.
The data for different outbursts show, however, deviations from the
single power-law correlation, as shown in Fig. 3. We have found
a significant difference between the slopes of the correlation when
we fit separately the data for the outburst rise and decline, namely
b ≃ 1.1 and ≃ 0.6, respectively.
In the case of H1743–322, we have found b ≃ 1.2 for the
rise, i.e., a similar value as that for the rise of GX 339–4. This
indicates the similarity in the jet/accretion flow coupling in both
sources during the rise and at high luminosities (for which the data
are available). On the other hand, the decline index of H1743–322
is ≃ 0.2, which is significantly different from ≃0.6 in GX 339–4.
Our results hint at a possible existence of jet hysteresis in those
sources, namely different jet radio luminosities for the same bolo-
metric (dominated by the accretion-flow) luminosity depending on
the source history, i.e., either an outburst rise or its decline. The
presence of hysteresis would be clearly established if there are more
radio data at low X-ray luminosities during the rise of an outburst.
Presently, the available rise data correspond almost exclusively to
high luminosities, while the decline data are for low luminosities
only. The latter is due to the well-known X-ray hysteresis, i.e., the
soft-to-hard transitions in transients occurring at much lower lumi-
nosities than the hard-to-soft ones. In the case of H1743–322, the
shape of the radio correlation changes at Lbol ∼ 0.01LEdd.
We have compared the correlations in GX 339–4 and H1743–
322 with those in the high-mass BHXRBs Cyg X-1 and Cyg X-3,
see Fig. 7. We have found that the correlation in Cyg X-1 appears
similar to that of H1743–322. The hard state of Cyg X-3 is then
similar to the luminous hard states of GX 339–4. The latter corre-
lations have approximately the same slope, while Cyg X-3 is more
radio loud by a factor of ∼2–3.
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